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Cryogenic transmission electron microscopy (cryo-TEM) has evolved into an indispensable tool for the
characterization of colloidal drug delivery systems. It can be applied to study the size, shape and internal
structure of nanoparticulate carrier systems as well as the overall colloidal composition of the corre-
sponding dispersions. This review gives a short overview over the instrumentation used in cryo-TEM
experiments and over the sample preparation procedure. Selected examples of cryo-TEM studies on
colloidal drug carrier systems, including liposomes, colloidal lipid emulsions, solid lipid nanoparticles,
thermotropic and lyotropic liquid crystalline nanoparticles, polymer-based colloids and delivery systems
for nucleic acids, are presented in order to illustrate the wealth of information that can be obtained by

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Colloids like nanoparticles, liposomes and micelles are inten-
sively being studied for drug delivery purposes to improve the
therapeutic efficiency by specific delivery of the drug to the site
of its action using passive and/or active targeting strategies. Fur-
thermore, incorporation into a carrier may protect the drug from
degradation in biological fluids or may provide an applicable for-
mulation of the drug for the desired route of administration, e.g. by
solubilization of poorly water soluble substances (Allen and Cullis,
2004; Couvreur and Vauthier, 2006).

In addition to the general properties of colloidal formula-
tions (e.g. composition, drug incorporation efficiency, particle
size and size distribution), the morphology of the colloidal car-
riers is of utmost importance. Transmission electron microscopy
(TEM (Friedrich et al, 2010)) is most frequently used for
the evaluation of the ultrastructure of colloidal drug car-
rier systems next to scanning electron microscopic techniques
(SEM, ESEM) and atomic force microscopy (AFM). The dif-
ferent methods of sample preparation for TEM (e.g. negative
staining, freeze-fracture and vitrification by plunge freezing)
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can provide different information about the colloidal struc-
tures.

Due toits speed and simplicity, negative staining (Friedrich et al.,
2010; Harris, 1997, 2007) is the most commonly used prepara-
tion method for the evaluation of colloidal formulations by TEM.
A drop of the sample is placed on a TEM grid (small round gold or
copper grid with defined mesh size) and stained with a solution
containing heavy metal salts which provide high contrast in the
electron microscope (e.g. uranyl acetate). After drying, the sample is
viewed in the electron microscope where the colloids (e.g. nanopar-
ticles) appear bright against the darker background of the stain.
Both staining and drying may result in structural alterations of the
colloids which always need to be taken into consideration when
interpreting negative staining TEM images. The freeze-fracture
technique does not require a drying process and yields addi-
tional information about the internal structure of the nanoparticles
(Kuntsche et al., 2004; Severs, 2007; Zasadzinski, 1986). The sam-
ple is dropped on a TEM grid which is then sandwiched between
two copper or gold holders and vitrified by rapid freezing e.g. in
liquid propane or melting nitrogen. Under constant cooling and
in vacuum, the frozen sample is fractured with the fracture plane
developing predominantly along areas of the sample with week
molecular interactions (e.g. within lipid bilayers). The fracture
plane can further be etched (water sublimation in vacuum) and
is shadowed with a thin platinum/carbon layer (about 2 nm) usu-
ally at an angle of 45° with respect to the fracture surface providing
a “negative” replica of the fractured sample plane. Subsequently, a
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thicker carbon layer (about 20-30 nm) is deposited onto the sam-
ple at an angle of 90° to improve the stability of the replica. After
cleaning, usually with an organic solvent, to remove all organic
residues, the replica is viewed in the electron microscope. As the
platinum/carbon replicas are stable over time and upon TEM obser-
vation, they can be stored for later re-investigation. When obtained
under optimal sample preparation conditions, freeze-fractured
replicas reflect the original, native state of the sample. Artifacts
may, however, easily occur, e.g. due to insufficient freezing rate
or re-deposition of solvent molecules onto the sample plane after
fracturing.

In contrast to the above mentioned methods, cryo-TEM after
plunge freezing (Costello, 2006; Egelhaaf et al., 2000; Friedrich
et al,, 2010; Grassucci et al., 2007, 2008; Harris, 1997; Milne and
Subramaniam, 2009; Unger, 2001) allows direct investigation of
colloids in the vitrified, frozen-hydrated state, i.e. very close to
their native state. As with freeze-fracture TEM, information about
the internal structure of the colloidal particles may be obtained
(e.g. for multilamellar vesicles, nanoparticles based on cubic or
hexagonal phases). Cryo-TEM has particularly been used to ana-
lyze samples of biological origin like viruses, bacteria as well as
thin cross sections of complex tissues (Jiang and Chiu, 2007; Marko
and Hsieh, 2007; Norlén, 2007; Vanhecke et al., 2007). The fast
developing techniques for all steps of sample preparation (e.g.
environmental control during sample vitrification (Egelhaaf et al.,
2000; Frederik and Hubert, 2005)) and data processing (e.g. dig-
italization of the data processing, CCD cameras (Unger, 2001))
resulted in wider use of this technique. Even information about the
three-dimensional structure of the particles of interest (by three-
dimensional reconstitution (Orlova et al.,, 1999) or cryoelectron
tomography (Koning and Koster, 2009; Milne and Subramaniam,
2009)) is possible. Most organic materials give only a poor contrast
in cryo-TEM but an improvement in contrast can be reached by
combining staining techniques and cryo-TEM (Adrian et al., 1998;
Wittemann et al., 2005). Another interesting cryo-TEM technique
is the so-called freeze-fracture direct imaging, which is related to
the freeze-fracture technique (Belkoura et al., 2004).

This review article aims at providing an overview about the
possibilities of cryo-TEM analysis for pharmaceutical colloidal for-
mulations. After a short introduction of the experimental setup
for cryo-TEM as well as potential challenges and artifacts, selected
cryo-TEM studies on various drug delivery systems are described.
Due to the broadness of the field the goal is not an exhaustive
review of the literature data. Instead, a selection of cryo-TEM stud-
ies on pharmaceutically relevant colloidal dispersions is presented
in order to generate an impression of the possibilities and limita-
tions of obtaining information on pharmaceutical systems by this
experimental technique.

2. Experimental setup and sample preparation
2.1. The cryoelectron transmission microscope

The transmission electron microscope (TEM) (Williams and
Carter, 1996) can be envisaged as an inverted light microscope
in which the sample is, however, illuminated by an electron
beam (Fig. 1A). At the top of the microscope column is the elec-
tron gun and a system of electromagnetic lenses focuses the
electron beam on the sample. Transmitted electrons are pro-
jected onto a viewing screen or a photographic or electronic
image recording device. As the electrons are easily deflected
by, e.g. gas molecules, a high vacuum has to be maintained in
the microscope column. Potentially evaporating material from
the specimen (e.g. water molecules) is trapped by a decontam-
inator positioned close to the sample. Since electrons poorly

penetrate matter, only thin samples or sample sections can be stud-
ied.

The contrast in TEM is obtained by the interaction of the
electrons with the material (scattering). Heavy metals like lead,
uranium and platinum strongly interact with the electrons and
are, therefore, often used to improve the contrast (e.g. negative
staining with uranyl acetate). The resolution in the TEM is directly
proportional to the acceleration voltage of the electrons: with
increasing voltage the wavelength of the electrons decreases result-
ing in higher resolution. On the other hand, the contrast becomes
poorer with increasing acceleration voltage as the scattering of the
electrons is inversely proportional to their velocity. In TEM investi-
gations on colloidal drug carrier systems voltages between 80 and
200KkV are usually applied.

In cryo-TEM, the sample is directly visualized in the frozen-
hydrated state and some additional features to the conventional
transmission electron microscope are required. The most impor-
tant part of the cryo equipment is a specialized holder for the
electron microscopic grid with the specimen (Fig. 1B). Typically,
the holder contains a small dewar for liquid nitrogen as cooling
agent at its end. Cooling of the tip of the holder is accomplished by
a thermally conductive connection between dewar and tip (usually
made of a copper alloy). The grid with the vitrified film is placed into
this cooled tip and fixed, e.g. with clamp rings. A good mechanical
and thus thermal contact between holder tip and grid is essential
to ensure adequate cooling of the sample. If the cooling of the sam-
ple is inadequate, the vitrified sample will be damaged by a kind
of freeze drying effect (cf. Section 2.3). The holder also contains
a shutter or gliding shield to protect the sample from contami-
nation by cubic ice during the transport from the preparation or
transfer unit to the TEM. Most cryo holders have an external tem-
perature monitoring system connected to a thermocouple in the
holder to observe the temperature during the whole procedure.
Many holders also allow tilting of the samples during observation
thus providing information about the three-dimensional structure
(cryoelectron tomography (Jiang and Chiu, 2007; Marko and Hsieh,
2007; Milne and Subramaniam, 2009)).

During the transport of the holder between sample preparation
unit and TEM, an additional protection system is required for the
tip of the holder to avoid ice formation on the shutter or holder as
this may damage the shutter system by freezing and bring moisture
into the vacuum of the TEM. Different protection systems are com-
mercially available, e.g. bellow systems or gas shield devices in the
form of a cartridge, which are flushed by a stream of dry nitrogen
gas. Some laboratories use homemade systems, e.g. made of sty-
rofoam. As introduction of water into the TEM is almost inevitable
due to condensation on cold parts of the holder, a second decon-
taminator is often installed in the vacuum of the cryo-TEM, which
is placed on both sides of the sample and cooled by liquid nitrogen.
Decontaminators also remove water molecules evaporating from
the sample during observation.

2.2. Sample preparation

Sample preparation for cryo-TEM is a rather sensitive process
requiring strict control of sample environment over the whole time
of preparation, transfer and electron microscopic investigation.
Automated vitrification systems with controlled humidity (Fig. 1C;
Egelhaafet al., 2000; Frederik and Hubert, 2005) are recommended
toensure areproducible sample preparation procedure. Specialized
equipment often contains an environmental chamber that allows
sample preparation at defined humidity and/or non-ambient tem-
peratures.

For cryo-preparation, sample concentrations of about
1-2mg/ml are recommended (Harris, 1997) but the optimal
concentration may vary. The size of the particles in the sample
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Fig. 1. (A) Schematic presentation of a transmission electron microscope and the electron path. (B) Sketch of a sample holder with integrated supplementary functions for
use in cryo-TEM investigations. The photograph shows the tip of an Oxford CT-3500 cryo holder for a Zeiss Leo 922 Omega TEM with open shutter and inserted grid. (C)
Automated sample vitrification system for cryo-TEM according to Egelhaaf et al. (2000). The chart shows schematically a cross section of the environmental chamber with the
sample grid fixed with tweezers (d), the acrylic glass blocks (e) over which filter paper can be stretched for blotting excess sample, and a polystyrene box (freezing chamber)
containing liquid nitrogen (h) with two vessels (m, n). The temperature in the upper part of the freezing chamber is held at —170°C. The sample is plunged into the vessel
filled with cryogen (m) which is shown in its upper position but can be lowered after plunging to allow removal of the vitrified specimen from the cryogen and the latter to
drain off. The whole polystyrene box is then shifted and the sample is positioned in the second vessel (n) filled with liquid nitrogen and containing the transfer box. Further
annotations: a and b: acrylic glass tubes forming the double wall of the chamber; c: holder for sample equilibration; i: resistor for gentle heating of liquid nitrogen to produce
a flow of nitrogen gas; k: polystyrene floater with wooden slat to indicate nitrogen level. Panel C reprinted and modified with permission from Egelhaaf et al. (2000).

should be in the lower nanometer range since large particles are
likely to be removed from the sample film during blotting. In
order to allow for a reasonable blotting procedure and to span an
acceptable film, the sample must not be too viscous. As a rule of
thumb, an aqueous sample is suitable for the cryo-preparation
technique if a drop of sample spreads comparably to water on a
filter paper.

Although bare grids, e.g. made from copper, are also in use,
carbon coated holey grids are usually more convenient and most
commonly used in cryo-TEM studies. Carbon coated holey grids
have a squared copper mesh which is covered with a carbon coated
foil perforated by holes that can have different shapes (e.g. circu-

lar, hexagonal, square or orthogonal). For carbon coated grids, a
glow discharge is performed directly before sample application in
order to hydrophilize the grid for optimal spreading of the aqueous
sample.

After fixation of the TEM grid in the preparation chamber, a
droplet of sample (approximately 2-5ul) is applied to the grid
with a pipette. Excess of sample is removed by quick blotting with a
filter paper leaving a thin spanned film of the sample in the holes of
the grid and the sample is then immediately plunge frozen in liquid
ethane. A very high cooling rate is required to vitrify the sample
(i.e. transform it into a glassy state) and to avoid the formation
of crystalline (cubic or hexagonal) ice (Roos and Morgan, 1990).
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Liquefied ethane cooled to liquid nitrogen temperature is a com-
mon cryogen for vitrification of cryo-TEM samples. Evaporation
effects before freezing must strictly be avoided by preparation of
the sample in a chamber with controlled humidity as mentioned
above or by providing wet filter paper close to the sample. After
freezing, the sample needs to be kept at very low tempera-
tures (e.g. around —175°C) in order to avoid phase transition
of the vitrified water into crystalline ice. Under cooling, the
grid with the vitrified sample is removed from the container
with liquid ethane and excess ethane is blotted with a piece
of filter paper. The sample is transferred intermediately into
liquid nitrogen and inserted into the cold cryo holder using
pre-cooled tools. Subsequently, the cooled holder is quickly
transferred to and inserted into the electron microscope. Care
needs to be taken to avoid contact with atmospheric moisture
which can lead to a contamination with cubic ice on cooled
parts of the cryo holder, the vitrified specimen or the transfer
unit.

Altogether, sample vitrification, insertion of the sample into the
holder and transfer of the holder into the TEM should only take a
few minutes to avoid contamination with cubic ice or variations in
temperature.

2.3. Investigation of the sample and potential artifacts

Cooling needs to be continued after insertion of the holder into
the electron microscope since inadequate cooling will result in
damage of the vitrified sample by a kind of freeze drying effect in
the vacuum of the TEM (Fig. 2A). The colloidal structures embedded
into the thin film are viewed under low dose conditions to avoid
electron beam damage. The sample is first viewed in an overview
mode (Fig. 2B) and the positions of the most promising parts of the
sample film can be saved. After switching to the magnification for
sample imaging, an aperture system should be activated to limit the
illumination to the viewed area thus protecting other sample areas
from electron beam damage. As many cryo-TEM samples generally
have a low contrast, an aperture system and an energy filter can
be used to amplify the contrast and a slight underfocus is mostly
adjusted, which appears as enhanced contrast to the eye (Scherzer
defocus). In addition, a variation in focus can help to distinctly show
different parts of a structure, while a total defocus creates opti-
cal artifacts. Images are usually taken by digital camera systems
with an image-processing software. The images are processed by a
computer program, which can subsequently enhance the contrast
by several filter techniques. The time period of sample viewing in
cryo-TEM is often limited as most samples are sensitive to radia-
tion damages, frequently observed as “bubbling” of the structures
(Fig. 20).

As in other electron microscopic techniques, various artifacts
may occur in cryo-TEM. For example, cryogen residues can remain
from the plunge freezing process (Fig. 2D). Sometimes, these
residues can be removed by carefully increasing the energy input.
Warming of the sample by energy input may, however, lead to
a phase transition of the vitrified ice into cubic or hexagonal ice
(Fig. 2E). Ice contamination can also occur by a too high content of
evaporated water in the column of the TEM (Friedrich et al., 2010).
Since the sample film gets thinner in the middle of a hole of the grid,
smaller particles are usually found in the middle part of the film.
Larger particles, on the other hand, are often found near the divi-
sion bars (Fig. 2F). In addition, anisometric particles like platelets
may preferentially orientate parallel to the film surface (cf. section
3.3). Particles on division bars should not be interpreted because
the film is not intact in these areas and embedded structures may
be deformed.

It should always be borne in mind that TEM images only visu-
alize a small part of the whole (more or less complex) sample. A

single TEM image should therefore not be overestimated and care
should be taken to obtain a series of images that are representative
for the whole sample.

3. Selected colloidal drug carrier systems studied by
cryogenic transmission electron microscopy

3.1. Liposomes

Liposomes are vesicles composed of phospholipid bilayers
encapsulating an aqueous inner compartment. In dependence on
the size and the number of the phospholipid lamellae, liposomes
can be classified into large or small unilamellar (LUV/SUV), mul-
tilamellar (MLV), oligolamellar (OLV) and multivesicular (MVV)
vesicles. Liposomes are attractive membrane models to study, e.g.
transport processes but also promising drug delivery systems as
they can carry both hydrophilic (enclosed in the inner aqueous
core), amphiphilic as well as lipophilic (located in the phospho-
lipid bilayer) drugs. Cryo-TEM is a valuable tool to investigate, for
example, the size, shape and lamellarity of liposomes and, conse-
quently, liposome formulations have been studied intensively with
this method (Almgren et al., 2000; Frederik and Hubert, 2005).

Due to the comparatively high contrast of the phospholipid
bilayer, liposomes appear as characteristic ring-shaped structures
in cryo-TEM images (Fig. 3). Preparation methods like extrusion
or high-pressure homogenization result in formulations of mainly
unilamellar vesicles but a more or less pronounced fraction of bi- or
oligolamellar vesicles is usually also observed (see, e.g. Changsan
etal., 2009; Dos Santos et al., 2002; Kaiser et al., 2003; Semple et al.,
2005; Zhigaltsev et al., 2006). Holzer et al. (2009) used detergent
removal - starting with a micellar solution of the phospholipid and
detergent followed by subsequent dialysis to remove the detergent
- and size exclusion chromatography (SEC) to produce essentially
unilamellar vesicles with narrow size distribution (Fig. 3A). The
rigidity of the lipid bilayer may influence the liposome shape:
liposomes with a rigid lipid bilayer in the gel state often appear
somewhat angular particularly when the vesicles are small in size
(Fig.3B)(Chiuetal.,2005; Kaiser etal.,2003; Kuntsche et al.,2010a).
On the other hand, vesicle deformation and bilayer invaginations
may occur when the lipid bilayer is highly flexible as, for example,
in vesicles composed of soybean lecithin, ethanol and a terpene
mixture (invasomes, Fig. 3C) (Dragicevic-Curic et al., 2008). Lipo-
somes are rather fragile structures and processes like freezing and
drying may resultin morphological changes accompanied by arear-
rangement of the vesicles (Changsan et al., 2009; Kim et al., 2007;
Kuntsche et al.,2010a; Wessman et al., 2010) which is an important
issue to consider particularly when hydrophilic drugs are encap-
sulated. The osmotic imbalance between the liposome core and
the outer aqueous phase occurring during freezing and dehydra-
tion appears to be the main cause of the partial destabilization and
rearrangement of the liposomes (Wessman et al., 2010).

Modification of the liposome surface to prolong the circulation
time in the bloodstream can be realized by the addition of PEGy-
lated phospholipids: DSPE-mPEG 2000 (1,2-distearoyl-sn-gly-
cero-3-phosphatidylethanolamine-[ methoxy(polyethyleneglycol)-
2000]), for example, is frequently used for this purpose. However,
DSPE-mPEG is a micelle-forming substance and in dependence
on its concentration, disc-like mixed micelles may co-exist with
vesicles until, at high concentrations of the PEGylated phos-
pholipid, the vesicles disappear and mixed micelles of globular
shape are formed (Edwards et al., 1997; Johnsson and Edwards,
2003). In cryo-TEM, the disc-shaped mixed micelles can clearly be
distinguished from the vesicles and appear as small rods with high
contrast (viewed edge on) or as circular structures with low uni-
form contrast (viewed face on, Fig. 3E and F). The size and shape of
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Fig. 2. Examples for artifacts that may occur in cryo-TEM illustrated on dispersions of cubic phase nanoparticles and the colloidal fat emulsion Lipofundin® MCT 20%.
(A) “Freeze-drying-effect” in a film of cubic nanoparticles because of poor thermal contact between the grid with the vitrified sample film and the cooled holder tip. (B)
Thick, but intact vitrified film (lower square) and partly damaged and ice-contaminated vitrified film (upper squares) on a Quantifoil holey carbon grid in overview mode.
(C) Severe electron beam damage (“bubbling”) at the rims of cubic nanoparticles; the sample is continuously being damaged and therefore out of focus. (D) Ethane residues
(arrows) from the vitrifying procedure on a film of cubic nanoparticles. (E) Hexagonal and cubic ice structures as a result of energy input by the electron beam. (F) Segregation
of particles (emulsion droplets and liposomes) in a film of the emulsion Lipofundin® MCT 20: smaller particles remain in the thinner (brighter) parts of the film (middle of
the hole) while larger particles can be found in thicker (darker) areas of the film close to the supporting bars (close to the lower left corner of the image). For more examples

of artifacts see Friedrich et al. (2010) and Harris (2007).

the micelle discs as well as their frequency may vary in dependence
on composition, way of preparation, thermal pre-treatment and
storage conditions (Ickenstein et al., 2006; Sandstrém et al., 2008).
Phospholipid hydrolysis has been found to enhance disc formation
(Ickenstein et al., 2006). However, liposomes in the gel state (e.g.
DPPC/DSPE-mPEG liposomes) may retain their vesicular structure
even in the presence of hydrolysis products (Fig. 3D) as long as they
are not heated above their phase transition temperature, which
results in a more or less pronounced vesicle disintegration and
rearrangement into disc-like micelles in dependence on the degree
of hydrolysis (Fig. 3E and F) (Ickenstein et al., 2006). PEG-chains
on the surface of liposomes are not visible in cryo-TEM images
due to the low contrast of polyethylene glycol. In contrast, the
polyelectrolyte shell of liposomes coated with positively charged
poly(lysine) and negatively charged poly(glutamic acid) by the
layer-by-layer technology could clearly be visualized by cryo-TEM
(Ciobanu et al., 2007).

To improve the encapsulation efficiency for hydrophilic drugs
and to reduce their leakage, the drugs can be loaded into and pre-
cipitated within liposomes by using pH- and/or ion-gradients over
the liposome membrane. Drug precipitation could be visualized by
cryo-TEM for various drugs encapsulated into liposomes, for exam-
ple doxorubicin (Abraham et al., 2002; Chiu et al., 2005; Fritze
et al., 2006; Li et al., 1998), idarubicin (Dos Santos et al., 2002),
topotecan (Abraham et al., 2004; Taggar et al., 2006), vinorelbin
(Semple et al., 2005; Zhigaltsev et al., 2006) and vincristin (Johnston

etal., 2006). Drug precipitates may appear as discrete structures in
the liposome core (see e.g. the characteristic doxorubicin-citrate
complexes in Li et al,, 1998) or by an increase in contrast of the
liposome core when the drug precipitates in amorphous form
(Semple et al., 2005). Fondell and co-workers developed liposomes
loaded with a radionuclide-labelled DNA binding compound (a 12°1-
labelled amino-benzyl derivative of daunorubicin) for tumor-cell
specific nuclear therapy (nuclisome) (Fondell et al., 2010). Different
aggregate structures were observed by cryo-TEM for the iodi-
nated compound (spherical precipitates) and the non-iodinated
one and doxorubicin, the latter two forming rod-shaped precipi-
tates (Fig. 3G-I) (Fondell et al., 2010).

3.2. Colloidal fat emulsions

Colloidal fat emulsions have been in clinical use for parenteral
nutrition for decades. Usually, they are composed of triglyceride
oils (e.g. soybean oil, medium chain triglycerides [MCT]) and puri-
fied egg yolk lecithin as emulsifier. In cryo-TEM, the emulsion
droplets appear as circular structures with an even distribution
of contrast (Fig. 4) (Kuntsche et al., 2009; Rotenberg et al., 1991).
They can easily be distinguished from vesicular structures (i.e. lipo-
somes) which are present in such emulsions due to the excess
of lecithin (Fig. 4A and B). Both, emulsion droplets and vesi-
cles are usually rather heterogeneous in size. The vesicles are
mostly unilamellar (Rotenberg et al., 1991) but bi- and even mul-
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Fig. 3. Cryo-TEM images of different liposome formulations: (A) egg-yolk lecithin liposomes prepared by detergent removal and separated by size exclusion chromatography
(SEC, sample obtained after retention time of 82 min) (Holzer et al., 2009); (B) liposomes composed of DSPC/DSPG (9:1 w/w) prepared by extrusion in 5% glucose solution
(Kuntsche et al., 2010a); (C) invasome dispersion composed of 10% soybean lecithin, 3.3% ethanol and 1% of a terpene mixture (all concentrations w/v) (Dragicevic-Curic
et al.,, 2008); (D-F) PEGylated liposomes (DPPC/DSPE-mPEG;qq0, molar ratio 90:4) prepared in citrate buffer pH 4 where the phospholipids are prone to hydrolysis, stored
at 22°C for 10 days and viewed in the cryo-TEM before (D) and after heating above the phase transition of the phospholipid (E). Note the presence of intact vesicles
in (D) but their disintegration after thermal treatment (E). Liposomes stored at 4°C for 67 days and viewed after heating above the phase transition temperature of the
phospholipid (F). Cryo-TEM images of DSPC/cholesterol/DSPE-mPEG2000 liposomes (molar ratio 57:40:3) loaded with an iodinated amino-benzyl derivate of daunorubicin
(G), the non-iodinated compound (H) and with doxorubicin (I). Abbreviations: DPPC - dipalmitoylphosphatidylcholine, DSPC - distearoylphosphatidylcholine, DSPG -
distearoylphosphatidylglycerol. Reprinted from Holzer et al. (2009) (A), Kuntsche et al. (2010a) (B), Dragicevic-Curic et al. (2008) (C), Ickenstein et al. (2006) (D-F), all with
permission from Elsevier. Panels G-I reprinted with kind permission from Springer Science and Business Media: Fondell et al. (2010, Fig. 2).

tilamellar vesicles could also be detected in some preparations
(Fig. 4A) (Kuntsche et al., 2009). Colloidal fat emulsions bear
some similarities to physiological carriers for lipophilic compounds
(chylomicrons and triglyceride-rich lipoproteins, VLDL, very low
density lipoprotein (van Antwerpen et al., 1999)) and are, conse-
quently, also intensively studied as carrier systems for lipophilic
drugs. In order to prolong the circulation time in the bloodstream
the droplet surface can be modified with polyethylene glycol
(PEG) chains - either by the addition of PEGylated phospholipids

(Wheeler et al., 1994) or by using polymeric stabilizers such as
PEG-containing block copolymers (de Vries et al., 2010; Jores et al.,
2004). This does not alter the overall appearance of the emulsion
droplets in the cryo-TEM images (de Vries et al., 2010; Jores et al.,
2004)due to the above mentioned low contrast of polyethylene gly-
col. Nevertheless, modification of the emulsifier system may result
in alterations of the morphology of the emulsion droplets (Teixeira
et al., 2000) or in the formation of additional structures beside the
emulsion droplets (Klang et al., 2010). Admixture of the positively
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Fig. 4. Images of colloidal fat emulsions obtained by cryo-TEM: (A) Lipofundin® 20% N, (B) Lipofundin® MCT 20%, (C) and (D) triglyceride emulsions stabilized with egg yolk
lecithin alone (C) and with the admixture of stearylamine for surface modification (D). Note the formation of “handbag”-like structures in the presence of stearylamine in
the emulsions (D). (C and D) with kind permission from Springer Science and Business Media: Teixeira et al. (2000, Fig. 2a and c).

charged stearylamine to egg yolk lecithin for the stabilization of
an MCT emulsion led to the formation of membrane extrusions of
the stabilizer(s) at the interface of the emulsion droplets appear-
ing as “handbag”-like structures in the cryo-TEM images (Fig. 4D)
(Teixeira et al., 2000). It has been hypothesized that a partial phase
separation of the lipidic emulsifier mixture at the interface may
be responsible for the formation of these characteristic structures
(Teixeira et al., 2000).

3.3. Solid lipid nanoparticles

Solid lipid nanoparticles (colloidal suspensions of crystalline
lipids) are also intensively being studied as drug carrier systems.
Cryo-TEM investigations were used to clarify some important
structural features of these systems. For example, they confirmed
the formation of very anisometric, platelet-shaped particles upon
crystallization of spherical triglyceride nanodroplets after pro-
cessing by melt-homogenization (Petersen et al., submitted for
publication; Westesen and Siekmann, 1997; Westesen et al., 2001).
Depending on the angle of observation in the vitrified sample, these
particles may appear as circular, ellipsoidal or elongated edged
structures (top-view on the platelets) or as needle-like structures of
higher contrast (platelets viewed edge-on). Often, the platelet-like
particles orientate preferentially with their large surface in parallel
to the surface of the vitrified film and are thus imaged in top-
view. The possibility to measure the thickness of single platelets
in cryo-TEM images was utilized to support investigations on the
particle size dependent melting behavior of triglyceride nanopar-
ticles (Bunjes et al., 2000; Unruh et al., 1999). Different shapes

of the particles were observed in dependence on their compo-
sition and preparation process: triglyceride nanoparticles in the
3-modification stabilized with polyvinyl alcohol (PVA), for exam-
ple, appeared less anisometric and more block-like compared to the
thin and extended platelets that are formed upon stabilization with
a phospholipid-bile salt combination (Fig. 5A, B, D) (Petersen et al.,
submitted for publication; Rosenblatt and Bunjes, 2009). Also the
shape of solid particles prepared from cholesteryl acetate by precip-
itation from solvent-in-water emulsions was found to be influenced
by the type of emulsifier (Sjostrom et al., 1995). Moreover, the shape
of triglyceride nanoparticles can strongly depend on the polymor-
phic form of the matrix triglyceride as demonstrated for tristearin
nanoparticles stabilized with PVA (Rosenblatt and Bunjes, 2009)
or a phospholipid-bile salt mixture (Bunjes et al., 2007). In the
metastable a-modification, the particles were of spheroidal shape
(Fig. 5C) whereas the 3-form nanoparticles had the typical platelet-
like shape and tended to self-organize in stacks (Fig. 5D). In this
investigation, it could also be shown that it is possible to observe
the organization of the lamellar triglyceride layers within single
particles and to determine the polymorphic form of individual
nanoparticles by the determination of the repeating unit of the
lamellar layers (Bunjes et al., 2007). In cryo-TEM images of PVA
stabilized trimyristin nanoparticles in the 3-form, the nanoparti-
cles did not only display the fine striations of the molecular layers
but even step dislocations could be detected within some of the
nanoparticles (Fig. 5A) (Rosenblatt and Bunjes, 2009).

Cryo-TEM played a major role in the elucidation of the ultra-
structure of oil-loaded solid lipid nanoparticles, often called
nanostructured lipid carriers (NLC). Compartments of liquid oil
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Influence of stabilizer

Different polymorphic forms

(F)

Q,, excess
(liquid)

Q,, loaded
tripalmitin
(solid)

Fig. 5. Cryo-TEM images of solid lipid nanoparticles. (A and B) Morphology of trimyristin nanoparticles in the 3-modification stabilized with poly(vinyl alcohol) (A) and with
soybean lecithin/sodium glycocholate (B). The inset in (A) shows a filtered micrograph of a particle containing a step dislocation (Rosenblatt and Bunjes, 2009). Beside the
crystalline nanoparticles phospholipid vesicles can clearly be detected as ring-like structures in (B) (data from Petersen et al., submitted for publication). (C and D) Morphology
of tristearin nanoparticles stabilized with a mixture of saturated soybean lecithin (Lipoid S100-3) and sodium glycocholate. (C) Spheroidal particles in the a-modification. (D)
Platelet-shaped particles in the B-modification, which tend to pack in stacks at this concentration. The magnified particles shown in the insets display the internal striations
reflecting the lamellar order of single molecular layers within the particles more clearly. Cryo-TEM micrograph (E) and schematic illustration (F) of tripalmitin nanoparticles
loaded with 50% ubidecarenone (Q1o). All scale bars represent 100 nm. Reprinted and adapted with permission from Rosenblatt and Bunjes (2009), American Chemical Society
(A), Bunjes et al. (2007), American Chemical Society (C and D) and with kind permission from Springer Science and Business Media: Bunjes et al. (2001, Fig. 7b) (E and F).
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sticking to the surface of the solid, platelet-like matrix of the
nanoparticles were detected in several studies (Esposito et al.,
2008; Jores et al., 2004). A similar appearance was also observed for
triglyceride nanoparticles loaded with the low-melting lipophilic
drug ubidecarenone (Fig. 5E and F) (Bunjes et al., 2001). In solid
lipid nanoparticle dispersions containing phospholipids as stabi-
lizers, phospholipid vesicles as additional colloidal structures have
often been observed in the dispersions beside the triglyceride
nanoplatelets (Petersen et al., submitted for publication; Sjostrom
et al, 1995; Westesen and Siekmann, 1997; Westesen et al., 2001)
(Fig. 5B).

3.4. Low density lipoprotein (LDL) and supercooled smectic lipid
nanoparticles

Cholesterol esters are physiological lipids and occur in lipopro-
teins as storage and transport form of cholesterol. Cholesterol esters
form thermotropic liquid crystalline phases (mesophases) and are
the main component of the lipidic core of low density lipoprotein
(LDL). LDL and LDL-like formulations appear promising also as car-
rier systems for lipophilic drugs particularly targeting cancer cells
with high LDL receptor density (Firestone, 1994; Song et al., 2007).

At room temperature, LDL is in a liquid crystalline, smectic
state and a cylindrical shape of the LDL was observed in cryo-
TEM when sample preparation had been done at room temperature
(Spin and Atkinson, 1995; van Antwerpen and Gilkey, 1994; van
Antwerpen et al., 1997). By a computer-based analysis of the den-
sity profile of a large number of the anisometric particles imaged
in different orientations, the three-dimensional structure of LDL
could be reconstructed (Orlova et al., 1999). Interestingly, LDL does
not display an even contrast in cryo-TEM. In side view, the top and
the bottom of the cylindrical particles possess a higher contrast
probably due to the attachment of apolipoprotein B with different
electron density compared to the lipidic core of the LDL (Orlova
et al, 1999; van Antwerpen and Gilkey, 1994).

The thermotropic mesomorphism of cholesterol esters together
with the strong supercooling effect in the colloidal state has
been explored for the development of dispersions of supercooled
smectic lipid nanoparticles as drug delivery system for poorly
water-soluble drugs (Kuntsche et al., 2004). Dispersions of smectic
lipid nanoparticles usually appear rather heterogeneous in the
electron microscope and both circular and angular structures can be
observed (Fig. 6A-D) (Kuntsche et al., 2004, 2010b). Similarly as for
LDL, a cylindrical shape of the smectic nanoparticles could be estab-
lished by viewing the vitrified particles under different observation
angles (Fig. 6E) (Kuntsche et al., 2010b). The smectic phase is a lay-
ered structure in which the cholesterol ester molecules are aligned
side by side thus forming specific smectic layers (for details see
(Kuntsche et al., 2004) and references therein). Cylindrical particles
can easily accommodate the smectic layers whereas a spherical par-
ticle shape would result in a disturbance of the smectic structure in
the core of the sphere. Cylindrical particles have different appear-
ances in the cryo-TEM images depending on their orientation:
rectangular in side view, circular in top view and oval-shaped in all
intermediate (tilted) orientations (Fig. 6E). The emulsifier(s) have
a strong influence on the particle shape which may vary from more
or less closely cylindrical (when, for example, stabilized with phos-
pholipids, Fig. 6A) to a more rounded oval shape (when stabilized,
for example, with poloxamer, Fig. 6C). In phospholipid-containing
dispersions, an additional particle fraction being highly unstable
upon cryo-TEM observation was detected (Fig. 6B) (Kuntsche et al.,
2004, 2005). Due to immediate “bubbling”, determination of the
particle shape or morphology was not possible by cryo-TEM but
images obtained by freeze-fracture TEM indicated the presence
of spherical smectic lipid nanoparticles with concentric layers in
addition to the majority of cylindrical ones (Kuntsche et al., 2005).

As already mentioned for colloidal fat emulsions and solid
lipid nanoparticles (cf. Sections 3.2 and 3.3), other colloids formed
by the excess of emulsifier(s) may co-exist with the smectic
lipid nanoparticles when the stabilizer(s) tend to self-associate in
aqueous media: vesicles, for example, are clearly visible in the cryo-
TEM images of dispersions containing phospholipids (Fig. 6A) and
the rough background in the image of the dispersion stabilized
with polysorbate 80 may indicate the presence of small micelles
(Fig. 6D).

3.5. Dispersions of lyotropic liquid crystalline phases and related
nanoparticles

In contrast to thermotropic mesophases, which form as a result
of thermal treatment, lyotropic liquid crystalline phases (lyotropic
mesophases) are ordered structures formed by amphiphilic
molecules in contact with a solvent, e.g. with water. Promi-
nent examples are the lyotropic cubic, hexagonal and lamellar
phase. Certain lyotropic mesophases based on amphiphiles with
comparatively low polarity (e.g. long-chain phospholipids or
monoglycerides) which do not dissolve in contact with excess
water can be dispersed into nanoparticles that retain the liquid
crystalline structure. Since such particles contain both hydrophilic
and lipophilic domains they are promising carrier systems for
lipophilic, hydrophilic and amphiphilic drugs. The best-known
example are liposomes (based on the lamellar mesophase) which
are discussed in section 3.1. More recently, nanoparticles of
lyotropic cubic, hexagonal and related structures (Fig. 7) have also
been much investigated in the field of drug delivery. Cryo-TEM
is an invaluable characterization method for such dispersions, as
it allows visualizing the shape and the internal structure of the
nanoparticles in detail.

The probably most intensely studied composition in this field
consists of glycerol monooleate (GMO) dispersed in water with the
polymeric surfactant poloxamer 407 (P407). The resulting nanopar-
ticles are of reversed, bicontinuous cubic (V;) structure. With
the help of cryo-TEM, important information on the influence of
the P407/GMO ratio and the way of preparation on the internal
structure and size range of such particles, e.g. the ratio between
larger cubic particles and smaller vesicles (Fig. 7A-C), was obtained
(Barauskas et al., 2005a; Gustafsson et al., 1997; Spicer et al., 2001;
Weérle etal., 2006, 2007). By tilting the frozen-hydrated specimen in
the electron microscope, Spicer et al. (2001) found some evidence
that the outer shape of cubic nanoparticles may not necessarily be
cube-like but more sphere-like or relatively flat. The cubic inter-
nal structure of GMO/P407 nanoparticles may be retained upon
loading with drugs as, e.g. observed for indomethacin, dexametha-
sone or ubidecarenone (Efrat et al., 2009; Esposito et al., 2005; Gan
et al., 2010). Generally, the structure of these particles is, however,
quite sensitive towards alterations in composition. The addition of
lipophilic compounds like triglyceride oils or vitamin A palmitate to
the GMO/P407 system favors the formation of particles with hexag-
onal structure (Gustafsson et al., 1997) and also the formation of
disordered structures as a result of drug loading has been reported
(Efrat et al., 2009). The use of alternative dispersing agents can also
lead to structural alterations in the dispersions (Murgia et al., 2010;
Rangelov and Almgren, 2005). Almgren et al. (2007) demonstrated
the usefulness of cryo-TEM investigations for the comparison of
structures occurring in aqueous GMO dispersions stabilized with a
hydrophobically modified ethyl hydroxyethyl cellulose ether over
a broad range of different GMO/stabilizer/water ratios. They also
followed the structural alterations of the dispersions over time and
evaluated the influence of freeze drying on the structure of selected
dispersions.

Since the use of monoglycerides as matrix material for liq-
uid crystalline nanoparticles has raised some concern with regard
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Fig. 6. Cryo-TEM images of dispersions of supercooled smectic cholesteryl myristate nanoparticles stabilized with soybean lecithin (Lipoid S100) and sodium glycocholate
(A and B), poloxamer 188 (C) and polysorbate 80 (D and E). Some particles displayed in side-view are marked with arrows. The bright structures in (B) are “bubbling”
nanoparticles leaving holes in the vitrified film (Kuntsche et al., 2005, 2010b). Cryo-TEM images of supercooled smectic nanoparticles taken at different angles of tilt (E). The
appearance of the particles varies with their orientation as schematically illustrated below the micrographs for the particle marked with an arrow (Kuntsche et al., 2010b).
Panels A and B reprinted from Kuntsche et al. (2005), panels C and E reprinted from Kuntsche et al. (2010b), all with permission from Elsevier.

to parenteral administration, several alternative compositions
have been proposed, e.g. based on phospholipids. For exam-
ple, the formation of particles with cubic internal structure was
observed by cryo-TEM in dispersed mixtures of dioleoylphos-
phatidylethanolamine (DOPE) with PEGylated lipids (PEG-GMO or
PEG-DOPE) (Johnsson and Edwards, 2001; Johnsson et al., 2005a).
Particles consisting of a phosphatidylcholine/glycerol dioleate mix-
ture stabilized with polysorbate 80 and loaded with propofol
were already studied in vivo (Johnsson et al., 2006). In contrast
to most other types of cubic particles, which are of bicon-

tinuous cubic (V;) structure, these particles contain a core of
a reverse micellar cubic (I;) phase. Such particles were also
observed in dispersions of a specific composition of the glycerol
monolinoleate/tetradecane/P407 /water system (Sagalowicz et al.,
2007; Yaghmur et al., 2006) (Fig. 8) whereas the corresponding
tetradecane-free system formed particles of a bicontinuous cubic
(V3) structure (de Campo et al., 2004, Yaghmur et al., 2005). Tilt-
ing experiments and fast Fourier transform (FFT) analysis of the
cryo-electron micrographs can be of great help to unambiguously
identify the different types of liquid crystalline structures (includ-
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Influence of composition on monoolein/poloxamer dispersions

Fig. 7. Cryo-TEM micrographs of lyotropic liquid crystalline and related nanoparticles. (A-C) Monoolein/poloxamer 407 (P407) dispersions with increasing P407 concen-
trations in the monoolein/poloxamer mixture (A: 7.4%, B: 10%, C: 12% P407). (D-F) Nanoparticles of inversed hexagonal phase based on a diglycerol monooleate/glycerol
dioleate 50/50 wt/wt lipid mixture that was dispersed with the help of poloxamer 407 (lipid/poloxamer 407 9/1 wt/wt) by shaking for 12 h at 350 rpm (D) and subsequently
heat treated at 125 °C for 20 min (E). (F) schematically illustrates the structure of the inverse hexagonal phase leading to a striated appearance in side view and to a regular
hexagonal pattern when viewed from the top of the particles. (G-I) “Sponge” nanoparticles based on a glyceroldioleate/diglycerolmonooleate 50/50 (wt/wt) lipid mixture
dispersed with different amounts of polysorbate 80 (P80) by mechanical mixing (12 h at 350 rpm) in 95% water followed by heat treatment (125 °C, 20 min). Lipid/P80 90/10
(G), 80/20 (H), 70/30 (I). Scale bars represent 100 nm. (A-C) Reprinted from Worle et al., 2007, with permission from Elsevier. (D-F) Reprinted with permission from Johnsson
et al. (2005b), American Chemical Society. (G-I) Reprinted with permission from Barauskas et al. (2006), American Chemical Society.

ing the identification of the corresponding space groups) even on
single particles as demonstrated by Sagalowicz et al. (2006, 2007)
for glycerol monolinoleate-based dispersions (Fig. 8). Obtaining a
series of suitable images may, however, be a major technical chal-
lenge due to the limited stability of the vitrified sample towards
beam damage.

In addition to cubic phase nanoparticles, dispersions of hexag-
onal mesophases have intensively been studied. Such particles
can, e.g. be obtained by adding nonpolar compounds such as
triglyceride or alkane oil, to a monoglyceride-based particle matrix
(Amar-Yuli et al., 2007; Gustafsson et al., 1997; Yaghmur et al.,

2005). They were, however, also found in alternative compositions,
e.g. in aqueous dispersions of glycerate surfactants or diglyc-
erol monooleate/glycerol dioleate mixtures stabilized with P407
(Boyd et al., 2006; Johnsson et al., 2005b). Cryo-TEM investigations
on diglycerol monooleate/glycerol dioleate/P407-based hexago-
nal nanoparticles revealed that the morphology of these particles
strongly depended on the way of preparation. While rather round,
striated particles where observed after simple mechanical dis-
persion, the particles transformed into well-shaped hexagons
with a clear hexagonal internal pattern during an additional
heat-treatment step (Fig. 7D-F). The results of tilting experi-
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Fig. 8. Cryo-TEM images (A and C) of a nanoparticle with a micellar cubic struc-
ture (I, space group Fd3m) obtained under different angles of tilt (corresponding
to the [112] and [114] axes of observation, respectively). Panels B and D show
the fast Fourier transforms (FFT motifs) calculated from the images in A and C,
respectively. The FFT motifs correspond to an optical diffractogram that reflects
the structural symmetry, distances and angles contained in the respective cryo-
TEM images. Dispersion composition: 3.3% monolinoleate, 1.3% tetradecane, 0.375%
poloxamer 407, 95% water. Adapted with permission from Sagalowicz et al. (2007),
American Chemical Society.

ments with these particles suggested a rather flat shape of the
hexagons (Barauskas et al., 2005b). In contrast, cryo-field emis-
sion scanning electron microscopic investigations on hexagonally
structured nanoparticles in a dispersion of phytantriol/vitamin
E acetate/P407 indicated a more spinning-top-like shape of the
hexagonal nanoparticles (Boyd et al., 2007).

Cryo-TEM investigations are an even more important charac-
terization method for internally structured nanoparticles without
a periodic internal pattern the structure of which cannot be eluci-
dated in detail by other methods, such as, e.g. small angle X-ray
diffraction. Such nanoparticles were, for example, observed in
diglycerol monooleate/glycerol dioleate mixtures prepared with
polysorbate 80 as dispersing agent (Barauskas et al., 2006). These
particles, also termed “sponge” nanoparticles, are assumed to con-
sist of a core of L,-(reversed micellar) phase which is stabilized by
a shell of L3-(sponge) phase. The ratio of the two phases strongly
depends on the lipid/polysorbate 80 mixing ratio (Fig. 7G-I).
Glycerol monolinoleate/tetradecane-based nanoparticles contain-
ing a rather large fraction of tetradecane and dispersed with P407
also consist of an Ly-phase, however, without attached L3-phase
(Yaghmur et al., 2005).

3.6. Polymer-based colloids

Amphiphilic block copolymers have widespread applications in
the field of drug delivery. For this purpose, the hydrophilic block of
the copolymers is usually composed of polyethylene glycol whereas
alarger range of polymers is used to generate the hydrophobic part
of the polymer. To improve the drug loading capacity - for example
in polymeric micelles - as well as to prolong the release of the
incorporated drug, the drug molecule may covalently be linked to
the polymer (Hans et al., 2005).

Amphiphilic block copolymers may form various colloidal struc-
tures (spherical and worm-like micelles, vesicles)in dependence on
the polymer architecture and the conditions during sample prepa-
ration. Spherical polymeric micelles appear as round structures
with even contrast in cryo-TEM (Hans et al., 2005; Kim et al., 2008;
Soga et al.,, 2005; Velluto et al., 2008). Polymeric vesicles (polymer-
somes) may have different appearances in the cryo-TEM: they may
be observed as characteristic ring-shape structures rather similar
to liposomes (Discher et al., 1999; Ghoroghchian et al., 2006; Rank
et al., 2009) or may possess a somewhat higher contrast also within
the vesicle (del Barrio et al., 2010; Petrov et al., 2009; Yang et al.,
2006; Yu et al., 2009).

The above mentioned colloidal structures shall be illustrated by
a study of Rank and co-workers who used poly-2-vinylpyridinegg-
b-poly(ethylene oxide)ss block copolymer (P2VP-PEO) for the
preparation of vesicles in an aqueous medium (Rank et al., 2009).
This polymer forms worm-like micelles at low temperature (pre-
dominant structures in Fig. 9A and B) but vesicles at room
temperature (Fig. 9D). This behavior is due to an alteration of the
molecular geometry in dependence on temperature with a cone-
shaped geometry at 4°C and a more cylindrical geometry at 25°C.
At 16°C, intermediate structures (disc-like structures, open vesi-
cles) co-exist with the worm-like micelles (Fig. 9B and C). Note
also the presence of small spherical micelles (small dark dots) in
Fig. 9A-C. Due to the thermotropic behavior of the polymer and
re-arrangement into the final vesicles, very homogeneous vesicle
dispersions could be prepared by controlled temperature treat-
ment. By variation of the P2VP/PEO ratio, the final vesicle size could
be adjusted (Rank et al., 2009).

Wittemann et al. (2005) modified the surface of polystyrene
nanoparticles with poly(styrene sulfonate acid) to prepare spheri-
cal polyelectrolyte brushes. The polyelectrolyte on the nanoparticle
surface is difficult to detect by cryo-TEM due to its low contrast
(Fig. 9E). However, replacement of the sodium counter-ions of the
polyelectrolyte by caesium ions made the polyelectrolyte chains
visible; an even better visualization was obtained after addition of
bovine serum albumin which adsorbs to the polyelectrolyte and
thus further increases the contrast (Fig. 9F). Even the collapse of
the polyelectrolyte layer in the presence of high electrolyte con-
centrations could be visualized (Wittemann et al., 2005). Cryo-TEM
was also used to study polystyrene nanoparticles modified with
poly(N-isopropylacrylamide) to obtain thermo-sensitive core-shell
particles. It was possible to follow the temperature dependent
shrinkage of the thermo-sensitive nanoparticle shell and a good
agreement between data obtained by dynamic light scattering,
small angle X-ray scattering and cryo-TEM could be established
(Crassous et al., 2006, 2009).

3.7. Delivery systems for nucleic acids

The administration of nucleic acids, e.g. in the form of whole
plasmids, oligonucleotides (ODN) or small interfering RNA (siRNA)
may open up a large range of important therapeutic possibilities.
Unfortunately, these molecules possess very unfavorable biophar-
maceutical properties since they are large, highly charged and
sensitive towards enzymatic degradation. Thus, they need to be
processed into suitable delivery systems, typically by interaction
with cationic lipids, surfactants or polymers. The resulting com-
plexes are usually of colloidal size and their structure has been
intensively investigated by cryo-TEM. As the literature in this field
is abundant, in particular concerning the structure of complexes
with lipids (lipoplexes), only a few examples will be mentioned
here. Some of the cryo-TEM work on lipoplexes was recently
reviewed by Alfredsson (2005).

The complexation of large DNA molecules with vesicle form-
ing cationic lipids usually leads to aggregated and/or multilamellar
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Influence of temperature on self-assembly of P2VP-PEO

Fig. 9. Cryo-TEM images of a dispersion of poly-2-vinylpyridinegs-b-poly(ethylene oxide)ss block co-polymer (P2VP-PEO) micelles after storage at 4°C and subsequent
warming to 16°C (A-C) and to 25°C (D). Images were taken after 1h (A, D), 2.5h (B) and after 24 h (C). Cryo-TEM images of a 1% suspension of spherical poly(styrene)
nanoparticles grafted with long chain poly(styrene sulfonate acid) prepared by photoemulsion polymerization (E and F) at low salt concentration in the medium where the
polyelectrolyte chains are strongly stretched. Compared to the original preparation (E) the contrast is enhanced by replacement of the sodium counterions by caesium ions
and the addition of bovine serum albumin (F). Reprinted with permission from Rank et al. (2009), American Chemical Society (A-D) and with permission from Wittemann

et al. (2005), American Chemical Society (E and F).

structures (Clement et al., 2005; Gustafsson et al., 1995; Huebner
etal., 1999; Perrie et al.,2001; Rodriguez-Pulido et al., 2008; Thierry
et al., 2009). Similar structures but with the detailed characteris-
tics depending on the oligonucleotide/lipid ratios were observed
upon complexation with oligonucleotides (Maurer et al., 2001;

Semple et al., 2001; Weisman et al., 2004) (Fig. 10A). For exam-
ple, particles with discrete membranes, paired membranes and
condensed lamellar phase particles were observed in the study
by Weisman et al. (2004). Based on their cryo-TEM results, the
authors proposed a mechanism for lipoplex formation. Multilamel-
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Fig. 10. Cryo-TEM image of a lipoplex of N-(1-(2,3-dioleoyloxy)propyl),N,N,N-trimethylammonium chloride (DOTAP) with an oligodeoxynucleotide (ODN) at the isoelectric
point (A). Aggregation of condensed multilamellar particles (white arrows), coexisting free liposomes (black arrow). Inset: Lipoplex of DOTAP/cholesterol 1:1 with the ODN
(charge ratio 1) at higher magnification; black arrowheads indicate incomplete outer bilayers, the white arrowhead marks a lamellar defect. Cryo-TEM images of stabilized
plasmid lipid particles (SPLP) prepared by detergent dialysis (B) or by stepwise ethanol dilution (C). Reprinted from Weisman et al. (2004), with permission from Elsevier (A)
and with kind permission from Springer Science and Business Media: Jeffs et al. (2005, Fig. 7a and b) (B and C).

lar structures also form upon interaction of siRNA with cationic
lipidic molecules (Desigaux et al., 2007; Geusens et al., 2009).
Dispersions with rather small particles (around 100 nm), a reason-
ably narrow particle size distribution and different morphology
were observed upon complexation of siRNA with two cationic
lipid:cholesterol:PEG-lipid combinations of different molar ratio
(Crawfordetal.,2011).Using these two formulations as an example,
the usefulness of a sophisticated, semi-automated analysis pro-
cedure to obtain comprehensive information on the particle size
distribution from cryo-TEM images was demonstrated. It remains,
however, to be shown whether this procedure can also be reliably
performed on more complex systems.

Most of the aforementioned complexes were rather heteroge-
neous in size and structure. In order to obtain small particles of
more regular structure the so-called stabilized plasmid lipid par-
ticles (SPLP) were developed. When prepared by the originally
described detergent dialysis procedure with subsequent removal
of free DNA and empty liposomes, SPLP consist of a core contain-
ing a single plasmid and are surrounded by a lipid membrane (Tam
et al,, 2000). SPLP formulations manufactured by a modified, more
rapid procedure based on the controlled, continuous mixture of the

plasmid solution with an ethanolic solution of the lipids and step-
wise dilution were of more heterogeneous structure (Fig. 10B and
C) (Jeffs et al., 2005).

In addition to lipids, cationic polymers are also often used
to condense DNA. When visualized with cryo-TEM, the result-
ing polyplexes are frequently of less defined morphology and
internal structure than lipoplexes (Agarwal et al., 2007; Ainalem
et al, 2009; Sharma et al., 2008). Further processing of poly-
plexes can result in lipopolyplexes, in which the polyplexes are
coated by one or more layers of lipid. For example, Tagawa et al.
(2002) obtained very homogenous ternary particles when adding
cationic liposomes to negatively charged complexes of plasmid
DNA and adenovirus core peptide under optimized preparation
conditions. The formation of more heterogeneous particle popula-
tions with multilamellar features was observed after incubation of
amorphous oligonucleotide/protamine complexes with negatively
charged liposomes or mixing of anionic lipid/protamine mixtures
with oligonucleotides (Jinetal.,2010; Yang et al.,2009). Association
of poly(ethylene imine)/plasmid DNA complexes with a lipid mix-
ture containing anionic as well as PEG-lipids led to the formation
of quite homogenous dispersions and the lipid coat on the amor-
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phous core of the particles could clearly be visualized (Heyes et al.,
2007). For poly(ethylene imine)/oligonucleotide-based lipopoly-
plexes carrying biotinylated ligands, the ligand affinity could be
proven by cryo-TEM using strepavidin conjugated gold nanopar-
ticles (Ko et al., 2009). In addition to lipid-coated polyplexes, the
structure of lipid-coated lipoplexes and of lipoplexes incorporated
into emulsions of neutral oil was also studied by cryo TEM (Bartsch
et al,, 2004, Vonarbourg et al., 2009).

3.8. Miscellaneous

Cryo-TEM imaging has also been used for the investigation of
nanoparticulate dispersions of pure drugs or drug conjugates. It
was, for example, employed to visualize the shape of amorphous
and crystalline felodipine nanoparticles prepared by different
methods (Lindfors et al., 2007). In phospholipid-containing emul-
sions of supercooled ubidecarenone (coenzyme Qig) phospholipid
vesicles were observed beside the droplets of the active substance
(Siekmann and Westesen, 1995). Couvreur et al. found hexagonally
structured, faceted nanoassemblies surrounded by a shell in aque-
ous dispersions of a gemcitabine squalene conjugate (Couvreur
et al., 2008). Spherical particles with an apparently amorphous
solid core were found in dispersions formed by ethanol injection
of a lipophilic prodrug of paclitaxel in combination with PEGylated
phospholipid (Perkins et al., 2000). Complex formation of drugs
with oppositely charged surfactants or fatty acid salts in different
ratios led to the formation of catanionic vesicles or micelles (Bramer
et al,, 2006, Dew et al., 2008).

Margulis-Goshen et al. (2010) reported on cryo-TEM investiga-
tions on a celecoxib microemulsion prepared with a volatile organic
phase that was used to prepare drug-containing nanoassemblies
by spray-drying and redispersion in water. The cage-like structure
of immune-stimulating complexes (ISCOMS) and their modified
derivatives (Posintro™ nanoparticles) of 40-50 nm size could be
visualized by a Danish group who also investigated the interaction
of these colloids with stratum corneum liposomes (Madsen et al.,
2010).

Some authors employed cryo-TEM to address questions related
to biopharmaceutics. For example, the colloidal structure of simu-
lated intestinal fluids and the processes during lipolytic digestion of
drug carrier systems were elucidated by comprehensive cryo-TEM
studies (Fatouros et al., 2007, 2009; Kleberg et al., 2010). Szebeni
et al. (2001) showed impressive cryo-TEM results on the potential
of paclitaxel to precipitate from its micellar solution after dilution
of a Cremophor EL/ethanol concentrate with PBS and on the effects
of Taxol® dilutions on the ultrastructure of human plasma.

4. Summary and conclusion

Cryo-TEM has an enormous potential for the structural inves-
tigation of colloidal drug delivery systems like liposomes, lipid
emulsions and suspensions, lipo- and polyplexes with nucleic acids
or nanoparticles based on liquid crystalline phases and to study
their interaction with body fluids. For studies on certain delivery
systems, e.g. nanoparticles based on lyotropic mesophases, it has
developed into an almost indispensable tool. With the increasing
availability of the technique and improved possibilities for well-
controlled sample preparation its use in the pharmaceutical field
is assumed to become more widespread although it will probably
remain a method for the clarification of selected basic structural
questions rather than for routine quality control issues due to
the related costs and comparatively low throughput of samples.
Cryo-TEMs with high resolution providing access to advanced tech-
niques like cryo-tomography, will further expand the possibilities
to obtain three-dimensional information on the structures of inter-

est. [t may be speculated that, under favorable circumstances, they
might even allow to investigate the interaction of nanoparticles
with cells in more detail in the future.
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